Introduction {#S0001}
============

Comminuted fractures are common fractures in orthopedics, especially in high-energy injuries such as car accidents and high falling injuries. In addition to the numerous fracture fragments at the fracture end, comminuted fractures often accompanied by severe surrounding tissue damage, even artery, vein and nerve damage, which are difficult to be restored.^1^ Generally, surgical treatment methods such as intramedullary nail and lateral locking plate can repair and reset the fracture end.[@CIT0002] Although when combined with autologous bone strut and cortico-cancellous bone grafting treatment, the surgical treatment made the prognosis acceptable in most cases,[@CIT0003]--[@CIT0005] the delayed fracture healing and non-union after comminuted fractures are still a great challenge in clinical treatments. Retrospective studies have reported various nonunion rates following treatment with operation, ranging from 0% to as high as 20%,[@CIT0003] and these comminuted fracture patients often experienced delayed fracture healing and non-union and suffered from long-term pain, disability, and even osteomyelitis. Thus, the treatment of delayed fracture healing and non-union is essential for the patient outcome improvement.

Besides the common factors such as age, gender, smoking, drinking, obesity, and drugs that contribute delayed healing or even non-healing with bone defects,[@CIT0003],[@CIT0004] clinical and research findings have proven that two major factors affect the healing of bone defects mostly. Firstly, the compression or loss of the bone fragments leads to the defect of the fracture end. Secondly, the severe soft tissue damage caused by a fracture.[@CIT0005] It is all known that the soft tissue around the fracture end is especially important for the healing of the fracture,[@CIT0006] which is the guarantee of the early healing and the prevention of nonunion after surgery. Severe comminuted fracture may cause both fracture end defect and soft tissue damage, making it a terrible bone-soft tissue condition and objectively affecting the fracture healing process.[@CIT0007],[@CIT0008] At present, in order to prevent and improve the defect and nonunion after fracture, intraoperative bone grafting was often used to patch the bone defect during the surgery.[@CIT0009] The patient's autologous bone (usually taken from ilium and fibula) or artificial bones were implanted to the bone defect to promote fracture healing. In addition, to repair the soft tissue injury problem in comminuted fractures, standard and skilled operation must be guaranteed to minimize the damage to the periosteum, peripheral muscles and other soft tissues, and the damaged blood vessels and nerves should be repaired as well, which is no reliable treatment in clinical work. The current clinical surgical treatments have little effects on the bone defects caused by a comminuted fracture. Therefore, to date, the bone defects caused by comminuted fracture are difficult to restore, none of the clinical treatments are able to fully restore injured bone defects after comminuted fractures. Therefore, the restore and repair method in the clinic of bone defects is urgently needed and to improve the prognosis of patients.

Mesenchymal stem cells (MSCs), kind of bone marrow-derived cells, are capable of differentiating into multiple cell types because of their self-renewing ability and multipotent progenitors.[@CIT0010] At present, MSCs have been most widely used in biological tissue repair and engineering, such as in respiratory system disease,[@CIT0011] nervous system disease,[@CIT0012] endocrine system disease,[@CIT0013],[@CIT0014] cardiovascular system disease,[@CIT0015] etc. Therefore, utilizes MSCs from the bone marrow to migrate toward the injury site and stimulate into chondrocytes to repair bone defect, is a promising choice for comminuted fracture repair.[@CIT0016],[@CIT0017] Exogenous MSCs transplantation is one way for MSCs transplantation. However, the long-term clinical outcome may be usually less than satisfactory: Exogenous MSCs tend to undergo hypertrophic differentiation, which finally results in calcification. Since MSCs are abundant in other joint tissues such as subchondral bone, synovial fluid, synovium, and adipose tissue, bone defect repair by recruiting endogenous stem cells in situ has been given much attention.[@CIT0018] However, the number of the MSCs spontaneously migrating toward the bone defect might be insufficient to regenerate cartilage of such volume, there is a major need to develop a novel targeted molecule which could collect endogenous MSCs selectively in vivo.

Aptamers, which are called as "synthesized antibody", are a kind of novel targeted molecules with potential clinical application.[@CIT0019] Aptamers are short, single-stranded oligonucleotides (DNA or RNA), and can bind to their targets with high affinity and specificity by folding into tertiary structures.[@CIT0020] When compared with typical targeted molecules antibodies, aptamers have a number of advantages, such as high affinity for binding to target molecules, limited synthesis cost, no batch-to-batch variability, higher target potential ranging from ions to live cells, small sizes that allows them to penetrate tissues and non-immunogenic, which may facilitate long-term therapeutic efficacy and safety.[@CIT0021] Most noteworthy is that on account of geometrical conformational flexibility and synthesis dynamics, aptamers can be readily synthesized and chemically modified for various therapeutic applications.[@CIT0022] Thus, since the first RNA aptamer developed in 1992,[@CIT0023] aptamers have been extensively developed and used in clinical diagnostics, therapeutic agents and tissue engineering applications. There have several works of literature reported that aptamer can capture and enrich targeting cells with relatively high efficiency and accuracy, and aptamer has been widely used in the capture of circulating tumor cells (CTCs).[@CIT0024]--[@CIT0026] Thus, an aptamer-directed repair system capable of selective recruitment of MSCs to the comminuted fracture defect site would open a new promising path for bone defect repair. So far, however, the research on the employment of MSC aptamer for capture, recruitment of MSCs and further repairment for tissue engineering application of comminuted fracture has not been reported.

Here in this study, we tried our first attempt to develop a novel MSCs aptamer by Cell-SELEX technique and constructed functional aptamer-based nanoparticles to recruit endogenous stem cells to bone defect for repair and restore. We have successfully selected a 66-based DNA aptamer (termed HM69) against MSCs. We evaluated the binding specificity and affinity of HM69 and found that HM69 could recognize and bind with MSCs with high specificity and affinity. Furthermore, HM69 could capture MSCs in vitro. In addition, nanoparticles constructed from HM69, termed as NAB, could capture and enrich MSCs to bone defect in vivo, resulting in excellent performance for bone defect repair and restore. Overall, these results proved that novel MSCs aptamer HM69 is a useful tool for MSCs recognition, capture and enrichment, and HM69-based nanoparticle NAB is a novel potential approach for bone defect repair and restore of comminuted fracture in the clinic.

Materials And Methods {#S0002}
=====================

Reagents {#S0002-S2001}
--------

ssDNA library for SELEX and primers were synthesized by Sangon Biotech (Shanghai China), bovine serum albumin (BSA, Sigma-Aldrich, Japan, Catalogue\#:V900933), DMEM/F12 medium (Gibco, US, Catalogue\#: 12400-024), Fetal bovine serum (Gibco, US, Catalogue\#: 16000-044), trypsin (Sigma-Aldrich, Japan, Catalogue\#: T2600000), cell counting kit 8 (CCK8, Sigma-Aldrich, US, Catalogue\#:96992), Rat osteopontin (OPN) ELISA kit (Cusabio, Wuhan, China, Catalogue\#: CSB-E08392h), osteocalcin (BGP) ELISA kit (Sigma-Aldrich Co. LLC., Shanghai, China), Alkaline phosphatase (ALP) (Sigma-Aldrich Co. LLC), streptavidin-coated magnetic beads (Promega, Madison, WI), 1-ethyl-3-(3-dimethylaminopropyl)-car-bodiimide hydrochloride (EDC, Sangon Biotech, Shanghai, China, Catalogue\#:C600433), N-Hydroxysuccinimide (NHS, Sangon Biotech, Shanghai, China, Catologue\#:C100219).

Cell Lines {#S0002-S2002}
----------

The human ESC cell line, mouse embryonic stem cell line (mES), rhesus ES cells, 293FT cell line, BJAB cell line (Human B-cell lymphoma), trophoblast cells, human cardiac fibroblast HCFB and PA317 mouse fibroblast cells were obtained from ATCC (American Type Culture Collection). The Molm-13 human acute myelocytic leukemia, K562 human myeloid leukemia cells, RCH-ACV human B-cell precursor leukemia cell lines and Ramos human B lymphoma cell lines were obtained from Cell Culture Centre of Peking Union Medical College (Beijing, China) in 2016. Human ESC cells were cultured in E8 medium on Matrigel-coated plates. mES, rhesus ES cells, 293FT cell line, BJAB cell line, and trophoblast cells were cultured in DMEM/F12 medium, Molm-13, K562, RCH-ACV and Ramos cells were cultured in 1640 medium, HCFB and PA317 cells were cultured in DMEM medium. All cells were supplemented both with 10% fetal bovine serum (Sigma) at 37ºC in humidified air containing 5% CO~2~ and maintained by routine passage every 2--3 days. All experiments were performed on cells in the exponential growth phase.

Whole-Cell SELEX {#S0002-S2003}
----------------

The DNA library contained a central randomized sequence of 28 nucleotides flanked by two 19 nucleotides PCR primer hybridization sites (5ʹ-TGCGTGTGTAGTGTGTCTG-(N28)-CTCTTAGGGATTTGGGCGG-3ʹ), FITC/FAM-labeled forward primer (5ʹ-TGCGTGTGTAGTGTGTCTG-3ʹ) and biotin-labeled reverse primer (5ʹ-CCGCCCAAATCCCTAAGAG-3ʹ). Human ESC cells were used as the target cell line and 293FT as the control cell line. To furthest improve selection efficacy and reduce selection non-specificity, we did the pre-SELEX procedure before typical SELEX. BSA (1 mg) was coated on plates in advance. The single-stranded DNA (ssDNA) library (1 nmol) in 1000 µL was heated up to 95°C for 5 mins and cooled on ice immediately. These ssDNA were added in the BSA-coated plate for 30 mins to maximally exclude nonspecific sequences. SELEX procedure was as follows: The treated DNA library was incubated with human ESC cells (2.5×10^6^ cells) for 45 mins at 37°C. To reduce background, 0.1 mg/mL salmon sperm DNA and 1 mg/mL of BSA were added to the binding buffer. The unbound oligonucleotides were removed by washing Cells with PBS buffer twice. Subsequently, PBS was added into cells and heated at 95°C, the supernatant was collected. Then, a counter-selection was performed by incubating supernatant with 293FT cells (5×10^6^ cells) for 45 mins at 37ºC. The supernatant was amplified by PCR with FITC- or biotin-labeled primers (25 cycles of 30 s at 95°C, 30 s at 56°C, 30 s at 72°C, followed by 10 mins at 72°C). Lastly, dsDNA from PCR was separated into ssDNA via the procedure described earlier. The FITC-ssDNA was used for the next round of SELEX. After 9 rounds, the DNA was sequenced by the next-generation sequencing (NGS). The 9th PCR product was then run on HiSeq2000 (Illumina) with a Single Read 80 Base Pairprogram to obtain the whole aptamer sequence and the index. We transformed the aptamers to sense strand based on matching the primer regions. The sequences were analyzed, and the highest abundance sequence was chemically synthesized for further research.

Aptamer-Binding Characteristics Assays {#S0002-S2004}
--------------------------------------

To evaluate the binding characteristics of aptamer, binding specificity and binding affinities were assessed. Firstly, to assess the binding specificity of aptamer, the FAM-labeled aptamer (60 pM) was separately incubated with 1×10^5^ MSCs or 293FT cells at 37 °C for 30 mins. Cells were washed by PBS (500 μL) twice and analyzed by flow cytometry (BD FACS Calibur, NJ).

To evaluate the binding affinity of the aptamer to MSCs, gradient concentrations of FAM-labeled aptamer were incubated with 1×10^5^ H1 cells at 37°C for 30 mins. Cells were washed three times and resuspended in 0.2 mL PBS buffer and subjected to flow cytometric analysis. 293FT cells were treated as negative controls to measure nonspecific binding. All of the experiments for binding assay were repeated three times. The mean fluorescence intensity of target labeled by aptamers was used to calculate for specific binding by subtracting the mean fluorescence intensity of nonspecific binding to 293FT cells. The equilibrium dissociation constants (Kd) of the aptamer-MSCs were obtained by fitting the dependence of fluorescence intensity of specific binding on the concentration of the aptamers to the equation: Y=B~max~X/(Kd+X)[@CIT0027]

Selective Binding Study Of HM69 {#S0002-S2005}
-------------------------------

To assess whether HM69 could recognize and bind with MSCs cells selectively, FITC-labeled HM69 (10 mM) was incubated with either 1×10^5^ MSCs, BJAB cell line, trophoblast cells, K562, Molm-13, Hela, Ramos, MCF-7. RCH-ACV, HCFB or PA317 cells at 37°C for 30 mins. Cells were washed three times and resuspended by PBS. Then, the cells were analyzed by flow cytometry.

Sorting Ability Assessment Of Aptamers {#S0002-S2006}
--------------------------------------

To assess whether aptamer could sort MSCs selectively, cells sorting assay were performed. Firstly, 1×10^5^ MSCs were labeled by carboxyfluorescein diacetate succinimidyl ester (CFSE). In brief, CFSE dye was diluted by PBS (5 mM). MSCs were incubated with CFSE and kept in darkness for 10 mins. Cells were centrifuged and washed by PBS twice. Secondly, these labeled cells were mixed with 3×10^5^ unlabeled 293FT cells. Aptamer was labeled by biotin and fixed on the streptavidin-coated magnetic beads. Subsequently, the mixed cells were incubated with beads at 37°C for 30 mins. Beads were collected in the magnetic field and the supernatant was analyzed by flow cytometry and observed by a fluorescence microscope. Mixed cells incubated with random DNA-coated beads were treated as a control group. Further, to determine the sorting specificity of HM69 with a more complex cell mixture, a selective sorting study with blood cells in a co-culture setting was utilized. Firstly, MSCs were labeled with CFSE as described above. Then, rat peripheral blood was centrifuged, and the cells were mixed with labeled MSCs. HM69 was labeled by biotin and fixed on the streptavidin-coated magnetic beads. The mixed cells were incubated with beads at 37°C for 30 mins. Beads were collected in the magnetic field and the supernatant was analyzed by flow cytometry.

Construction And Assessment Of Nano-Aptamer Ball (NAB) {#S0002-S2007}
------------------------------------------------------

To construct a poly-aptamer, the aptamer was labeled --NH~2~ at 3ʹ and --COOH at 5ʹ end. Fifty mM aptamer was dissolved in 200 μL MES (100 mM, pH 5.0) at room temperature. Then, aptamer was activated by 100 μL 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC) (20 mg/mL) for 15 mins with gentle stirring, and 100 μL N-hydroxysuccinimide (NHS) (20 mg/mL) was added to generate the chemical bonding between --NH~2~ and --COOH. The mixture was incubated at room temperature for further time (0.5 hr, 1 hr, 1.5 hrs, 2 hrs, 3 hrs, 4 hrs, and 6 hrs). Subsequently, the mixture was centrifuged at 12,000 rpm for 10 mins and the sediment at the bottom was collected and washed by PBS twice. To evaluate the diameter and zeta of NAB, NAB was diluted in PBS and the diameter was assessed by Dynamic Light Scattering (DLS).

In Vitro Cytotoxicity Assay {#S0002-S2008}
---------------------------

To evaluate whether NAB could cause non-specific cytotoxicity to cells, cell viability was detected by CCK8 assay. Human ES cells, mES, rhesus ES cells, 293FT cell line, BJAB, and trophoblast cells were seeded in 96-well plates and treated with NAB or random DNA at various concentrations (10 nM, 20 nM, 40 nM, 60 nM, 80 nM, 100 nM, 120 nM, 150 nM, 300 nM, 400 nM, 600 nM) at 37°C. After 24 hrs, cells were washed with PBS buffer and CCK8 assay was used to determine the cell viability per standard protocol outlined by the manufacturer\'s instruction.

In Vitro Cell Proliferation Assay {#S0002-S2009}
---------------------------------

To evaluate whether NAB could induce cell proliferation, 1×10^5^ cells (mES, rhesus ES cells, and human ES cells) were incubated at 96-well plate and simultaneously with 120 nM random DNA or NAB. Then, cells were washed and further incubated for different times. Cell culture supernatant fluids were collected at 0, 6, 12, 24, 36 and 48 hrs, and were analyzed with a CCK-8 kit to determine the cell viability.

MSCs Enrichment Capacity Assessment Of NAB {#S0002-S2010}
------------------------------------------

To evaluate whether NAB could enrich MSCs selectively, 1×10^3^ MSCs were seeded in the 6-well plates. NAB or random DNA was added into the plate and incubated for 30 mins. Then, PBS was used to wash cells twice, and another 1×10^3^ MSCs were added and incubated for 30 mins. Next, PBS was used to wash un-bonded cells. Cell culture was added, and cells were cultured for another 24 hrs. Cells were stained by crystal violet and observed by a microscope. Cell number was assessed to evaluate whether NAB had enriched MSCs. Further, to determine the sorting specificity of NAB with a more complex cell mixture, a selective sorting study with blood cells in a co-culture setting was utilized. Firstly, MSCs were labeled with CFSE as described above. Then, rat peripheral blood was centrifuged, and the cells were mixed with labeled MSCs. NAB was labeled by biotin and fixed on the streptavidin-coated magnetic beads. The mixed cells were incubated with beads at 37°C for 30 mins. Beads were collected in the magnetic field and the supernatant was analyzed by flow cytometry.

Evaluation Of Bone Defects Reconstruction Ability Of NAB In Vivo {#S0002-S2011}
----------------------------------------------------------------

The ethical and legal approval of animal study in this paper was obtained prior to the commencement of the study by the ethics Committee of Xi'an Children's Hospital, Xi'an, China (no. C2018004). All animal experiments were conducted in accordance with institutional regulations. All experiments were performed following relevant named institutional and national guidelines and regulations. Six-week-old male Sprague Dawley rats were purchased from the Xi'an JiaoTong University Lab Animal Centre (Xi'an) and raised under pathogen-free conditions. To evaluate the bone repair capacity of NAB, a full-thickness penetrating defect was created in the lower and middle third region of each rat femur. Rats were randomly divided into three groups, with six in each group: i) treated with NAB (2 mg/kg); ii) treated with random DNA library (2 mg/kg); and iii) treated with saline. Drugs were administered through regional injection once 2 days. Subsequently, 2 rats from each group were euthanized at 0, 2 and 4 weeks after drilling. Rat peripheral blood in each group was collected to detect osteopontin (OPN), osteocalcin (BGP) by ELISA, and alkaline phosphatase (ALP) was measured using p-Nitro phenyl phosphate colorimetric determination. All tests were performed per manufacturers' instructions. The femurs were collected. Sections of the femur samples were applied for histomorphological staining. Half of the sections from each group were stained by H&E after EDTA decalcification to evaluate the hematoma reactions of bone marrow. The other sections were stained by alizarin red to observe the calcium content, which indicated the activity of osteoblasts. Micro X-ray was used to observe the repair degree of defect.

Statistics {#S0002-S2012}
----------

All numerical data were expressed as the mean ± S.D. Statistical differences between two groups were determined by the Student's *t-*test. p\<0.05 was considered statistically significant.

Results {#S0003}
=======

Hypothesis Of NAB For Comminuted Fracture Repair {#S0003-S2001}
------------------------------------------------

The NAB platform is poly-MSCs-aptamer-originated nanoparticles, which is assembled by -NH-CO- chemical cross-linking between MSCs aptamers. In detail, as shown in [Figure 1A](#F0001){ref-type="fig"}, each MSCs aptamer are both labeled with --NH~2~ at 3ʹ end and --COOH chemical group at 5ʹ end. The --NH~2~ of one aptamer could interact with --COOH of another aptamer forming -NH-CO- under NHS and EDC condition. Thus, MSCs aptamers are linked one by one and will fold into nanoball under aqueous solution which termed as NAB. After NAB injection into bone, as presented in [Figure 1B](#F0001){ref-type="fig"}, when a bone defect was generated, there were little MSCs nearby which was not sufficient to repair. When NAB was injected, NAB could firstly recognize and bind to MSCs with high specificity and affinity, and be anchored in bone defect. Therefore, since NAB could capture more MSCs, more and more MSCs in blood and other joint tissues could be captured by NAB and enriched in bine defect. Thus, more MSCs will differentiate into osteoblast and chondrocyte to repair the bone defect.

Whole Cell-SELEX And Monitoring Of Aptamer Selection Process {#S0003-S2002}
------------------------------------------------------------

The target of SELEX process was whole MSC cells. SELEX procedure is shown in [Figure 2](#F0002){ref-type="fig"}. In detail, the random ssDNA pool employed contained 66-mer oligonucleotides. When folding into three-dimensional structure, this high complexity ssDNA library could generate at least 10^15^ species of sequences. Generally, this diversity could fulfill SELEX procedure completely. Since albumin is the most abundant protein in the blood, to improve SELEX efficiency and effectiveness, an initial random ssDNA pool was firstly incubated with BSA to remove clones that bind with BSA. Then, the DNA pool was turned into the cell-SELEX procedure. hES cells were applied as positive cells and 293FT were treated as negative cells. SELEX procedure contains positive and negative screening. To monitor the efficacy of Cell-SELEX, the enriched aptamers were labeled by FITC and incubated with cells. The mean fluorescence intensities were assessed by flow cytometry. As presented in [Figure 3](#F0003){ref-type="fig"}, when compared with the negative 293FT cell group ([Figure 3B](#F0003){ref-type="fig"}), there is an increasing amount of ssDNA bound to MSCs after each round of selection ([Figure 3A](#F0003){ref-type="fig"}). The ssDNA targeting to positive cells was furthest enriched at the 9th selection round and the DNA pool was sequenced by the next-generation sequencing (NGS) to be identified. As a result of NGS analysis, 7 sequences showing the highest abundance among approximately 0.8×10^4^ raw sequences of data ([Figure 3C](#F0003){ref-type="fig"}). The similarity among the aptamer candidates was analyzed through the homology tree ([Figure 3D](#F0003){ref-type="fig"}) and sequence alignment ([Figure 3E](#F0003){ref-type="fig"}).

Evaluation Of Aptamers' Binding Specificity And Affinity {#S0003-S2003}
--------------------------------------------------------

To evaluate whether these 7 selected sequences could selectively recognize MSCs, binding specificity assay was performed. MSC cells were utilized as positive cells, 293FT cells were treated as negative cells. Specifically, FITC-labeled clones and random DNA library were incubated with cells and the fluorescence intensities were evaluated by flow cytometry. As shown in [Figure 4A](#F0004){ref-type="fig"}, all these seven clones exhibited relatively strong binding to MSCs, but a relatively weak binding to 293FT. These data indicated that all these clones could recognize MSCs with high specificity. Further, to assess these aptamers' structures, their secondary structures were predicted by M-fold website. As shown in [Figure 4B](#F0004){ref-type="fig"}, all these DNA clones showed unique stem ring structures. We speculated that these special structures were the basis for their MSCs binding specificities. Binding affinity is another important parameter to evaluate aptamers. Since clone 69, 77 and 397 showed a relatively better specificity than other clones, we further assessed their binding affinities. To quantitatively assess the binding affinity, specifically, various concentrations FITC-labeled clone 69, 77 and 397 were incubated with MSCs. Random DNA library was treated as a negative control. After calculating by nonlinear regression analysis, the binding Kd of clone 69 was 9.67 nM, of clone 77 was 30.89 nM and of clone 397 was 58.13 nM ([Figure 4C](#F0004){ref-type="fig"}). Since clone 69 exhibits better performance of binding specificity and affinity, it was termed as HM69 and applied for further investigations.

Aptamer HM69 Recognized And Bound With MSCs With High Specificity {#S0003-S2004}
-----------------------------------------------------------------

Furthermore, to evaluate whether HM69 retained its binding specificity to MSCs with high specificity, to address this question, binding specificity tests were performed. FITC-labeled HM69 was incubated with either positive cells (MSCs) or negative cells (BJAB cell line, trophoblast cells, K562, Molm-13, Hela, Ramos, MCF-7. RCH-ACV, HCFB or PA317 cells) under the same experimental conditions and the cells were analyzed by flow cytometry. FITC-labeled random DNA was used as a background control. As presented in [[Supplementary Figure 1](https://www.dovepress.com/get_supplementary_file.php?f=223164.docx)]{.ul}, HM69 exhibited strong binding to MSCs, whereas binding to other eleven kinds of negative cells was quite weak. Furthermore, random DNA exhibited no binding preference to any of the cell lines. These results indicated that HM69 preferentially recognizes and binds with MSC cells in vitro.

Aptamer HM69 Enriched MSCs Effectively In Vitro {#S0003-S2005}
-----------------------------------------------

To evaluate whether HM69 could enrich MSCs, firstly, biotin-labeled HM69 was fixed on streptavidin-labeled magnetic beads. Random DNA library was treated as a control group. Secondly, MSCs were stained by CFSE and mixed with unlabeled human 293FT cells. Cell mixture was measured by flow cytometry. Then, HM69-coated magnetic beads were incubated with cell mixture for 30 min. Beads were collected in the magnetic field and analyzed by flow cytometry. The supernatant was analyzed by flow cytometry and observed by a fluorescence microscope. As shown in [Figure 5A](#F0005){ref-type="fig"}, after a single purification with HM69, the CFSE fluorescence of supernatant in the HM69 group decreased significantly when compared with random DNA group. We obtained MSCs with a purity of \>89% after a single purification with HM69 from a cell mixture containing only \~25% of MSCs. However, the fluorescence in random DNA library group did not change significantly ([Figure 5B](#F0005){ref-type="fig"}). Further, supernatant was observed by a fluorescence microscope. As presented in [Figure 5C](#F0005){ref-type="fig"}, MSCs were significantly reduced in HM69 group when compared with random DNA library group, indicating a successful capture of MSCs by HM69-coated beads. To further determine the sorting specificity of HM69 with more complex cell mixture, selective sorting study with blood cells in co-culture setting was utilized. CFSE labeled MSCs were mixed with rat peripheral cells and incubated with HM69-beads at 37°C for 30 mins. Beads were collected in magnetic field and the supernatant was analyzed by flow cytometry. As shown in [Figure 5D](#F0005){ref-type="fig"}, after a single purification with HM69, the CFSE fluorescence of supernatant in HM69 group decreased significantly when compared with random DNA group. However, the fluorescence in random DNA library group did not change significantly ([Figure 5D](#F0005){ref-type="fig"}). These data indicated that HM69 could enrich MSCs with high specificity and efficiency.

Construction And Characterization Of NAB {#S0003-S2006}
----------------------------------------

According to the hypothesis, to construct NAB, aptamer HM69 was chemically modified by --NH~2~ at 3ʹ end and --COOH at 5ʹ end. NAB was constructed by a chemical bond between --NH~2~ and --COOH under EDC/NHS condition. To control the diameter of NAB, the time of chemical bonding creation between --NH~2~ and --COOH was controlled for 0.5 hr, 1 hr, 1.5 hrs, 2 hrs, 3 hrs, 4 hrs, and 6 hrs. The products were assessed by DLS. As shown in [Figure 6A](#F0006){ref-type="fig"} and [B](#F0006){ref-type="fig"}, the diameter of NAB ([Figure 6A](#F0006){ref-type="fig"}) increased and zeta potential ([Figure 6B](#F0006){ref-type="fig"}) decreased significantly within the first 3 hrs, indicating the rapid synthesis of NAB. When incubation time was over 4 hrs, the diameter and zeta potential of NAB were quite stable, indicating the ending of synthesis. This may be caused by the depletion of synthetic material. These results indicated that synthesis of NAB via EDC/NHS was feasible.

Further, to evaluate whether NAB could cause cytotoxicities to cells, mES, rhesus ES cells, hES cells, 293FT cell line, BJAB, and trophoblast cells were treated with NAB or random DNA at various concentration and cell viabilities were assessed by CCK8 assay. As shown in [Figure 6C](#F0006){ref-type="fig"}, when compared with random DNA group, NAB group showed no significant difference, indicating NAB did not cause obvious cytotoxicity.

NAB Could Capture And Enrich MSCs Effectively {#S0003-S2007}
---------------------------------------------

To evaluate whether NAB could capture and enrichment MSCs, to assess whether NAB could induce cell proliferation of MSCs, mES, rhesus ES cells, and human ES cells were incubated with random DNA or NAB and cell viabilities were determined with a CCK-8 kit at 0, 6, 12, 24, 36 and 48hrs. As shown in [[Supplementary Figure 2](https://www.dovepress.com/get_supplementary_file.php?f=223164.docx)]{.ul}, cell viabilities of three cell lines increased both in NAB and random DNA group, and there was no obvious significant difference between two groups (P\>0.05). These results indicated that NAB could not induce cell proliferation itself. Further, MSCs were seeded in 6-well plates and incubated with NAB for 30 mins. Then, PBS was used to wash cells twice, and another 1×10^3^ MSCs were added and incubated for 30 mins. Next, PBS was used to remove un-bonded cells. Cells in 6-well plates were cultured for further 24 hrs. Cell number was assessed by crystal violet staining and observed under a microscope. As shown in [Figure 6D](#F0006){ref-type="fig"}, when compared with random DNA library group, cell number in NAB group increased significantly, whereas cell number did not change in random DNA library group. In addition, since NAB was designed to apply in vivo, whether it could maintain its sorting ability within blood cells should be assessed. Therefore, to further determine the sorting specificity of NAB with more complex cell mixture, selective sorting study with blood cells in co-culture setting was utilized. MSCs were labeled with CFSE and mixed with rat peripheral blood cells. NAB was fixed on the streptavidin-coated magnetic beads and incubated with cell mixture at 37°C for 30 mins. Beads were collected in the magnetic field and the supernatant was analyzed by flow cytometry. As shown in [[Supplementary Figure 3](https://www.dovepress.com/get_supplementary_file.php?f=223164.docx)]{.ul}, after a single purification with NAB, the CFSE fluorescence of supernatant in NAB group decreased significantly when compared with random DNA group. However, the fluorescence in random DNA library group did not change significantly. These data indicated that NAB could bind and capture MSCs effectively.

NAB Promotes The Reconstruction Of Bone Defects In Vivo {#S0003-S2008}
-------------------------------------------------------

The ethical and legal approval of animal study in this paper was obtained prior to the commencement of the study by the Ethics Committee of Xi'an Children's Hospital, Xi'an, China (no. C2018004). All animal experiments were conducted in accordance with institutional regulations. All experiments were performed following relevant named institutional and national guidelines and regulations. To evaluate whether NAB could enrich MSCs and promote the reconstruction of bone defects in vivo, an animal model was prepared. Penetrating defects were created in the femurs of rats. NAB (100 mg/kg), random DNA (100 mg/kg) or saline were administrated by iv injections each day, the perforated bones collected were at 2 or 4 weeks. To observe the enrichment of MSCs and bone repair, H&E staining was applied to observe the hematoma reactions of bone marrow, which indicated the early repair process of bone defect. Alizarin red staining was applied for observing the osteoblasts which were differentiated from MSCs. As shown in [Figure 7A](#F0007){ref-type="fig"}, at 0 week after bone drilling, a large number of inflammatory cells and red blood cells infiltrated in the bone marrow cavity, and a small amount of scattered bone fragments could be observed; At 2 weeks, inflammatory cells and red blood cells in the bone marrow cavity were replaced by hematomas, accompanied by lots of trabecular bone growth in the NAB group, while the random DNA group was not that obvious; At 4 weeks, the trabecular bone growth the NAB group gradually matured. In addition, absorption and shaping occurred. Attaching growth of bone could be observed on the inner side of the cortical bone, while the control group remained in the trabecular bone growth stage. Thus, the histomorphological study results indicated that the organized hematoma and cell growth in the bone marrow of the NAB group were more vigorous than that of random library group in both 2 weeks and 4 weeks. Alizarin red staining showed that the red staining of osteoblast cells in the NAB group was significantly denser than that in the random library group in both 2 weeks and 4 weeks, which reflected that NAB has a higher recruitment effect on MSCs. To further evaluate the bone defect reconstruction of NAB, since OPN, BGP, and ALP were secreted by osteoblast and could reflect the generation of osteogenesis, their expression level in rats was analyzed. As presented in [Figure 7B](#F0007){ref-type="fig"}, when compared with a blank group (rats without penetrating defects), serum OPN, BGP, and ALP level in saline group, random DNA group, and NAB group at both 2 and 4 weeks were increased, indicating the repair and osteogenesis generation. It is a remarkable fact that OPN, BGP, and ALP concentrations in NAB groups were much higher than that of in saline group and random DNA group (P\<0.01), which suggested more osteogenesis generation caused by NAB. To observe the reconstruction of penetrating defects more intuitively, X-ray was applied. As shown in [Figure 8](#F0008){ref-type="fig"}, it was found that at 2 weeks, the healing of bone defects in the NAB group were significantly better than the other two groups, the defects became blurred, and local trabecular bone growth could be observed. There was no significant difference between the saline group and the random library group. At 4 weeks, bone defects in the control group and random library group grew to varying degrees, while the NAB group healed satisfactorily, the perforations were barely visible, and the osteotylus growth could be observed outside the cortical bone. These data suggested that NAB could enrich MSCs and improve the repair and restore of bone defect.

Discussion {#S0004}
==========

In this study, using whole-cell SELEX technology, we first developed MSCs aptamer HM69, with Kd of 9.67 nM. It was found that HM69 could recognize and capture MSCs selectively. Further, the first, novel, and effective nanoparticle termed as NAB based on HM69 was fabricated. We have proven that NAB not only exhibited MSCs recruitment capacity but also achieved a better repair outcome than that of the control group in vivo.

Comminuted fracture is a kind of severe fractures in orthopedics.[@CIT0028] In the clinical diagnosis and treatment of trauma orthopedics, strong fixation of fractures and early functional exercise after comminuted fracture are important factors of the rehabilitation of patients.[@CIT0029] Delayed healing of the fracture may cause problems such as muscle atrophy, joint stiffness, and even the nonunion of bone. Whether the anatomical reduction emphasized by AO (Arbeitsgemeinschaftfür Osteosynthesefragen), or the functional reduction from the scholars of BO (biological osteosynthesis) or minimally invasive orthopedics, are all for the purpose of early healing and early exercise. When encountering comminuted fractures, delayed healing or non-union became more serious.[@CIT0030] Currently, the methods for early healing have been confirmed by basic experimental studies and clinical studies. For example, the differentiation of mesenchymal stem cells (MSCs) into osteoblasts and chondrocytes for bone repair;[@CIT0016],[@CIT0017],[@CIT0028],[@CIT0029] Bone tissue engineering scaffolds, 3D biomanufacturing, bioprinting techniques, and 3D printing, which play a crucial role in repairing bone defects and artificial bone tissue engineering;[@CIT0031]--[@CIT0033] Non-invasive such as low-intensity pulsed ultrasound (LIPUS) is used to promote healing of bone defects.[@CIT0034] However, these non-invasive treatments are mainly used for the stable, neatly aligned bone defects in adult patients. As for larger bone defects such as comminuted fractures, it is difficult to achieve the desired therapeutic effect.[@CIT0035] The reduction of the comminuted fracture is difficult, and bone defects occur frequently. The comminuted fracture is more likely to damage the surrounding soft tissue and is prone to damage the artery, vein and nerve. Therefore, the probability of nonunion after comminuted fracture is much higher. Clinically, autologous bone grafting is the main method for the repair of comminuted fracture, has become "the gold standard" for the treatment of nonunion of comminuted fracture. However, in recent years, some literature reports have shown that there are some major drawbacks in autologous transplantation, such as pain in the donor region, hematoma in the bone graft area, nerve damage and paresthesia, and even infections. In addition, limited bone mass, prolonged operation time and extra bleeding during surgery add to the disadvantages of autologous bone grafting.[@CIT0036],[@CIT0037] Furthermore, the bone graft may also have risks of position changing and bone absorbing, sclerosis and necrosis, still resulting in bone defects. Therefore, for comminuted fracture, it is much more difficult to reach early fracture healing, which may delay the functional exercise and worsens the prognosis. Therefore, our research group aims to find a novel way to repair the bone defect caused by comminuted fracture.

Experiments have shown that one of the reasons for the delayed healing or non-union of the fracture is the reduction in the number or the quality of stem cells,[@CIT0038] and MSCs can promote the repair of segmental bone defects after being implanted in the scaffold material.[@CIT0039] Thus, the targeted enrichment of MSCs to bone defect is a new way to improve the healing of comminuted fracture. At present, some researchers have focused on the device's development of targeted MSCs enrichment. Xin Wang has developed a reinforced sponge/hydrogel scaffold which functionalized with the non-immunogenic aptamer Apt19s to obtain the ability of recruiting endogenous MSCs.[@CIT0040] They have demonstrated that this aptamer-functionalized scaffold indeed enhanced endogenous stem cell homing and promoted cartilage repair as compared with the control group and the scaffold-only group. Xiaoxia Hu also unitized aptamer Apt19s and have designed an aptamer-bilayer scaffold, which was implanted into the osteochondral defect for cartilage regeneration.[@CIT0041] This aptamer-bilayer scaffold showed excellent performance for osteochondral knee joint and has been demonstrated to be a potential scaffold for knee repair. Thus, aptamer-directed stem cell enrichment is a promising and potential method for tissue-engineering bone repair. All these methods are based on scaffold that implanted into the bone defect. Although these scaffolds showed excellent performance, there are some deficiencies. Firstly, these scaffolds usually need a complex manufacturing process. To achieve the best repair effect, the scaffolds need to mimic the structure of the bone unit for supporting bone generation. This process needs precise design and manufacturing, even needs 3D printing to suit individuals, which may increase the cost. Secondly, to implant scaffold accurately, an effective surgical treatment is necessary. The scaffold should be implanted on fracture reduction seamlessly. However, it cannot be ensured in clinical work due to the different degrees of trauma. Comminuted fracture often companied by severe surrounding tissue damage, and even artery, vein and nerve damage, which are difficult to implant such scaffold. Thus, to overcome such a shortage, in this study, we designed novel nanoparticles to restore bone defects that are not independent of scaffold. We generated a novel aptamer termed HM69 which could recognize and bind with MSCs effectively. When compared with the previous aptamer Apt19s,[@CIT0042] HM69 exhibited with better binding specificity and affinity. Then, we linked aptamer HM69 with each other to generate novel multi-aptamer nanoparticles which were termed as NAB. When NAB was injected in vivo, it could firstly recognize the MSCs existed in the bone defect and anchored immediately. Then, NAB could capture more MSCs to bone defect to repair. When compared with scaffold, NAB possesses a number of advantages: 1. Non-invasive: NAB could be implanted without surgery, just by injection through veins or directly bones; 2. Higher feasibility: surgical treatment is not necessary for implanting. NBA can function just by injecting; 3. Limited synthesis cost: whether the synthesis of HM69, or the polymerization of HM69 to generate NAB, the cost is much lower than to manufacture scaffold; 4. No batch-to-batch variability. Our data have proved that NAB could enrich MSCs and improve the repair and restore of bone defect. Above all, NAB can be treated as a potential way for bone defect repair and worthy of further investigation toward clinical application. In addition, this aptamer-directed strategy can also serve as an effective approach for cell recruitment in targeted therapy and is anticipated to ﬁnd broad application in regenerating new tissues and organs. Our future work will focus on the source of the recruited cell since there is strong evidence for the involvement of synovium derived MSCs in bone repair, and pharmacokinetics of NAB needs further investigation.

Conclusion {#S0005}
==========

In summary, we developed the de novel MSCs aptamer HM69 and generated the first functional nanoparticles termed as NAB based on HM69. Our results demonstrated aptamer HM69 was found capable of recognizing and binding MSCs with high specificity and affinity and obtaining the recruiting endogenous MSCs. Further, the aptamer HM69-functionalized nanoparticles indeed enhanced endogenous stem cell homing and promoted bone defect repair as compared with the control group. Collectively, these features are poised to make MSCs aptamer HM69 uniquely attractive for targeted MSCs enrichment. It is obvious that NAB has great potential application for the development of novel non-invasive bone defect repair and restoration system and may offer a tissue-engineering approach for the treatment of osteochondral lesions. Figure 1Study design and experimental scheme of aptamer-functionalized nanoparticles for targeting MSCs recruitment for bone defect restoration in theranostic applications. (**A**) Preparation of NAB based on aptamer HM69. Aptamer HM69 was modified -NH~2~ at the 3ʹ end and -COOH at the 5ʹ end, respectively. Modified HM69 was linked with each other under NHS/EDC system and generate -NH-CO- chemical bond. Then, poly-HM69 tended to be a nanoparticle in an aqueous solution. (**B**) Schematic diagram of bone defect. After the NAB injection, NAB could firstly recognize the MSCs in bone defect and be anchored. Secondly, NAB could capture and recruit MSCs to bone defect. Then, more MSCs may differentiate into chondrocyte and osteoblast.**Abbreviations:** EDC, 1-ethyl-3-\[3-dimethylaminopropyl\] carbodiimide hydrochloride; NHS, N-hydroxysuccinimide.Figure 2Scheme of whole cell-based SELEX process. Briefly, random DNA sequences contain 66-mer oligonucleotides with 28-base long randomized in central and fixed sequences at both sides. When folded into a three-dimensional structure, it became a high complexity ssDNA library that could satisfy SELEX completely. Random DNA library was firstly incubated with BSA to remove non-specific clones. The process of SELEX involves several steps: firstly, the nucleic acid library is incubated with a target (positive selection), which can be preceded or followed by a counter-selection phase to remove non-specific nucleic acid molecules. During the partitioning step, bound and unbound DNAs are separated. The bound fraction is amplified to obtain an enriched pool for the next round of selection. This process is repeated for N rounds until the pool is enriched for sequences that specifically bind the target. These nucleic acid molecules are cloned and sequenced.Figure 3Monitoring of SELEX and DNA sequence analysis. (**A**) Flow cytometry monitoring of the enrichment of aptamers. Compared with the starting random DNA pool (the black curve), flow cytometry revealed an increase in fluorescence intensity of aptamers bound to the MSCs after the second (the blue curve), the forth (the orange curve), the sixth (the green curve), and ninth (the red curve) rounds of selection. (**B**) Flow cytometry monitoring of the non-specific binding to 293FT of aptamers. (**C**) The random sequence of aptamers which were capable of binding MSCs preferentially. (**D**) The sequence alignment of aptamer candidates. (**E**) The similarity among the aptamer candidates was analyzed through the homology tree.Figure 4Characterization of aptamers candidates. (**A**) Evaluation of aptamers candidates' binding specificities. Flow cytometry evaluation of the binding specificity to MSCs (the red curve) or negative 293FT cells (the green curve) by FITC-labeled aptamer candidates (clone 13, 98, 159, 69, 397, 274, and 77). (**B**) The predicted secondary structure of aptamer candidates. The secondary structures of aptamer candidates were predicted by M-fold software. (**C**) Flow cytometry evaluation of the binding affinities to MSCs by FITC-labeled aptamers 69, 77, and 397.Figure 5The MSCs sorting ability assessment of aptamer HM69. (**A**--**C**) The MSCs sorting ability assessment of aptamer HM69 with two cell lines: HM69 or random DNA was fixed on magnetic beads and incubated with a mixture of CFSE labelled MSCs and 293FT. After incubation, magnetic beads were collected under a magnetic field. The supernatant was analyzed by flow cytometry. (**A**) Flow cytometry of supernatant in HM69 group; (**B**) Flow cytometry of supernatant in random DNA group; (**C**) The fluorescence microscope images of two groups. (**D**) Flow cytometry of MSCs sorting ability assessment of aptamer HM69 with mouse peripheral blood: HM69 or random DNA was fixed on magnetic beads and incubated with a mixture of CFSE labelled MSCs and mouse peripheral blood. After incubation, magnetic beads were collected under a magnetic field. The supernatant was analyzed by flow cytometry.Figure 6Construction and characterization of NAB. Aptamer HM69 was chemically modified by --NH~2~ at 3ʹ end and --COOH at 5ʹ end. NAB was constructed by a chemical bond between --NH~2~ and --COOH under EDC/NHS condition. To control the diameter of NAB, the time of chemical bonding creation between --NH~2~ and --COOH was controlled for 0.5 hr, 1 hr, 1.5 hrs, 2 hrs, 3 hrs, 4 hrs, and 6 hrs. The products were assessed by DLS. (**A**) The diameter of NAB. (**B**) The zeta potential of NAB. (**C**) Cytotoxicity Evaluation of NAB. Various concentrations of NAB were incubated with several cell lines and cell viabilities were assessed by CCK8 assay. Random DNAs were treated as control. (**D**) MSCs capture and enrich ability assessments of NAB. MSCs and 293FT were seeded in 6-well plates and incubated with NAB. Un-bonded DNAs were washed by PBS and another 1×10^3^ MSCs were added and incubated for 30 min. PBS was used to remove un-bonded cells. Cells in 6-well plates were cultured for further 24 h. Cell number was assessed by crystal violet staining and observed under a microscope. Random DNAs were treated as control group.Figure 7Potential MSCs recruitment by NAB in vivo. (**A**) H&E staining and Alizarin red staining. Representative H&E staining (20×) showed that hematomas, accompanied by lots of trabecular bone growth could be observed in the NAB group at 2 weeks, while the random DNA group was not that obvious; At 4 weeks, the trabecular bone growth the NAB group gradually matured. Absorption and shaping occurred. Attaching growth of bone could be observed on the inner side of the cortical bone as the white circle highlighted, while the control group remained in the trabecular bone growth stage. Alizarin red staining (40×) images of bone defect region show distinct calcium contents between NAB and random DNA group at either 2 weeks or 4 weeks. (**B**) Serology assessment. Serum markers of osteogenetic processes such as OPN, BGP, and ALP were analyzed at the 2 or 4 weeks after the initiation regiment. Each bar represents means with SD of six replicates. \*P\<0.05; \*\*P\<0.01.Figure 8Potential bone defect repair and restoration of NAB in vivo. Penetrating defects were created in the femurs of rats. NAB (100 mg/kg), random DNA (100 mg/kg) or saline were administrated by iv injections each day, the perforated bones collected were at 2 or 4 weeks. X-ray was utilized to observe the reconstruction of penetrating defects. At 2 weeks, the healing of bone defects in the NAB group was blurred as the arrow pointed. At 4 weeks, the NAB group healed satisfactorily, the perforations were barely visible, and the osteotylus growth could be observed outside the cortical bone as the yellow square highlighted (The red circle and white arrow presents the bong defect; The yellow square presents osteotylus growth).
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